The behavioral effects of peripherally administered interleukin-1b (IL-1b) are mediated by the production of cytokines and other proinflammatory mediators at the level of the blood-brain interface and by activation of neural pathway. To assess whether this action is mediated by NFkB activation, rats were injected into the lateral ventricle of the brain with a specific inhibitor of NFkB activation, the NEMO Binding Domain (NBD) peptide that has been shown previously to abolish completely IL-1b-induced NFkB activation and Cox-2 synthesis in the brain microvasculature. NFkB pathway inactivation significantly blocked the behavioral effects of intraperitoneally administered IL-1b in the form of social withdrawal and decreased food intake, and dramatically reduced IL-1b-induced c-Fos expression in various brain regions as paraventricular nucleus, supraoptic nucleus, and lateral part of the central amygdala. These findings strongly support the hypothesis that IL-1b-induced NFkB activation at the blood-brain interface is a crucial step in the transmission of immune signals from the periphery to the brain that underlies further events responsible of sickness behavior.
INTRODUCTION
When an organism becomes sick during the course of an infection, several changes occur, which are mediated by the central nervous system (CNS). These changes include regulated increase in body temperature, increase in slow wave sleep, activation of the hypothalamo-pituitaryadrenocortical (HPA) axis, decrease in locomotor activity, feeding, drinking and social interactions, and alterations in brain neurotransmitters. The physiological and behavioral components of sickness represent a highly organized strategy of the organism to fight infection referred to as 'sickness behavior' (Dantzer, 2001) .
There has been a recent surge of interest in the behavioral effects of cytokines in neuropsychopharmacology. Several reasons account for that, including the fact that cytokineinduced sickness behavior is not the result of weakness and physical debilitation but appears to be the expression of a previously unrecognized motivational state that is triggered by peripheral immune stimuli and reorganizes the organism's priorities (Dantzer, 2004) . In addition, the possibility of an intersection between sickness behavior and depression (Dantzer et al, 1999) has raised new and important issues in psychopathology.
Interleukin-1b (IL-1b), produced by activated macrophages and monocytes in contact with invading microorganisms, is an important cytokine for the induction of sickness behavior (Dantzer, 2001; Dinarello, 2000; Gabay and Kushner, 1999; Krueger et al, 1999; Mulla and Buckingham, 1999; Turrin and Plata-Salaman, 2000) . Peripheral and central administration of IL-1b induces all the central components of the acute phase reaction, and inhibition of its action by central administration of the IL-1 receptor antagonist (IL-1ra) attenuates IL-1b-induced sickness behavior (Dantzer, 2001) . However, in spite of its profound effects on the CNS, IL-1b cannot passively cross the blood-brain barrier (BBB) formed by brain vascular cells because of its relatively high molecular weight and hydrophilic profile.
The brain action of IL-1b is mediated by the formation of an heterodimeric complex associating the type I IL-1 receptor (IL-1RI) and the IL-1 receptor accessory protein.
Using in situ hybridization, IL-1RI was found to be mainly expressed in brain barrier-related structures like the meninges, the choroid plexus, and vascular endothelium of the whole parenchyma (including the circumventricular organs, or CVOs, that lack a BBB) (Ericsson et al, 1995) . In vitro studies demonstrated that activation of IL-1 receptors led to the recruitment and phosphorylation of the receptorassociated kinases (IRAK1 and IRAK2) via the docking molecule MyD88. The subsequent phosphorylation of IkBa, the inhibitor of NFkB, results in the release of NFkB that translocates to the nucleus. The DNA binding nuclear form of the transcription factor NFkB is usually an heterodimer which typically includes one 50 kDa (p50) and one 65 kDa (p65) polypeptide (Baeuerle and Henkel, 1994; Moynagh et al, 1994; Hayden and Ghosh, 2004) . It binds to its consensus sequence on target genes to promote transcription of a variety of genes like cytokines receptors, cytokines, prostaglandins, chemokines, and a few neuromediators (Miyamoto and Verma, 1995) .
Immunohistochemical studies of p65-NFkB in the brain of rats treated with IL-1b injected intraperitoneally showed that activation of NFkB was restricted to specific cell populations in the CVOs, the BBB, and at the interface between the cerebrospinal fluid (CSF) and the brain parenchyma (Nadjar et al, 2003) . This distribution pattern was abolished in IL-1RI-deficient mice, confirming the crucial role of IL-1RI expressed on BBB cells and in CVOs for p65-NFkB translocation in response to peripheral IL-1b (Nadjar et al, 2003) .
The general scheme of NFkB pathway activation is well described: binding of IL-1b to IL-1RI is followed by a cascade of phosphorylation that results in NFkB nuclear translocation. This depends on the regulatory protein NEMO (NFkB essential modifier) associated with a complex containing two kinases IKKa and IKKb (O'Neill and Greene, 1998) . Once within the nucleus, NFkB binds to its consensus sequence on target genes that promotes transcription of a variety of genes. The present study was designed to assess the functional consequences of NFkB activation at the interface between the blood and the brain. For this purpose, a specific inhibitor of NFkB activation was used. This inhibitor targets the (NEMO)-binding domain (NBD) of IKKa or IKKb specifically. Therefore, it inhibits NFkB activation without inhibiting basal NFkB activity (May et al, 2000) . This inhibitor blocks TNF-a-induced NFkB activation in vitro and attenuates peripheral and central responses to inflammation in vivo (May et al, 2000; Dasgupta et al, 2004) . To target NFkB activation at the blood-brain interface level, this peptide was injected into the lateral ventricle of the brain, and we checked its capacity to diffuse from there to its potential sites of action and significantly attenuate IL-1b-induced translocation of NFkB (Nadjar et al, in press ).
In the present report, we show that inactivation of NFkB at the blood-brain interface inhibits both the cerebral activation response to peripheral IL-1b, as measured by expression of the early activated protein c-Fos (Sagar et al, 1995) and the behavioral alterations induced by intraperitoneally administered IL-1b.
MATERIALS AND METHODS

Subjects
Male Wistar Crl: (WI) IGS BR rats (125-150 g) were obtained from Charles River, Brussels, Belgium. After arrival at the facility, they were housed in groups of five in transparent polycarbonate cages (42.6 Â 27.8 Â 18.8 cm) and acclimated to the laboratory for at least 2 weeks. They were maintained under standard colony conditions in a temperature (23711C), humidity (40%) controlled room and on a 12-12 h light/dark cycle. Food (U.A.R., Epinaysur-Orge, France) and water were available ad libitum. For social exploration tests, juveniles male rats (28-35 days of age) of the same strain served as social stimuli and were housed in transparent polycarbonate cages (42.6 Â 27.8 Â 18.8 cm) in groups of 10 in a different room. The investigators adhered to the guidelines of the Institute for Laboratory Animal Research (ILAR) published in Guide for Care and Use of Laboratory Animals. Every effort was made to minimize animal numbers and suffering in the experiments.
Surgical Procedures and Treatments
For central injections, a stainless-steel guide cannula (23-gauge, 7 mm length) was implanted unilaterally 1 mm above the lateral ventricle. For this surgery, rats were anesthetized intraperitoneally with a mixture of ketamine (Imalgene 1000, Rhône Mérieux, Lyon, France) and xylazine (Bayer Pharma, Puteaux, France)Fat doses of 61 mg and 9 mg/kg, respectivelyFand secured in a Kopf stereotaxic instrument (Tujunga, CA). Coordinates were with toothbars 5 mm above the interaural zero, 0.6 mm posterior to the bregma, 1.5 mm lateral, and 3.2 mm below the skull surface, at the point of entry (Swanson, 1998) . At this point, the rat body weight was 160-200 g. Rats were allowed a 2-week recovery period before behavioral testing. On the test day, treatment substances were administered by gravity into the lateral ventricle using a 30-gauge needle, over a 30-s period, in freely moving rats. Following the injection, social exploration, activity, food intake, body weight, and fever were measured at different intervals.
Treatments
Recombinant rat IL-1b (rrIL-1b, biological activity: 317 IU/ mg, NIBSC, Potters Bar, UK) was dissolved in 0.9% saline whereas NBD peptide was dissolved in dimethylsulfoxide (DMSO) (Sigma-Aldrich Corporation, St Louis, MI). The dose of rrIL-1b (60 mg/kg, i.p.) was selected from a previous dose-effect study (Anforth et al, 1998) . The dose of NBD peptide (36 mg, intracerebroventricular (i.c.v.)) was selected on the basis of previous in vivo data (May et al, 2000) and experiments demonstrating its ability to block cerebral rrIL1b-dependent Cox-2 induction (Nadjar et al, in press ). NBD peptide was dissolved in a solvent represented by nondiluted DMSO. This solvent did not induce any behavioral modifications (data not shown) as previously demonstrated (Bluthe et al, 1997) . NBD peptide (36 mg) or its excipient was injected i.c.v. as a pretreatment 1 h before i.p. injection of rrIL-1b (60 mg/kg) or saline. All substances were administered in a volume of 2 ml (i.c.v.) or 600 ml (i.p.).
For the clarity of presentation of results, the treatments schedule is notified on each figure and in experimental procedure.
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Experimental Procedure
NBD peptide and rrIL-1b effects on duration of social exploration and immobility. Animals were kept under reversed light-dark conditions (lights on at 2100 h, lights off at 0900 h). Behavioral observations were carried out during the dark phase of the light-dark cycle, between 0900 and 1700 h, using a video camera under red light illumination. Rats were isolated (single in a cage) 24 h before the experiment in transparent polycarbonate cages (42.6 Â 27.8 Â 18.8 cm), and they were habituated to experimental procedures by testing them two times daily for three successive days before the experiment. Sickness behavior induced by rrIL-1b was assessed by: (1) decreases in duration of the social exploration of a conspecific juvenile introduced into the home cage of the test animal; (2) increases in duration of immobility of the test animal during the observation session. The procedure used to monitor social exploration had been previously validated (Bluthe et al, 1999) . At 1 day before the experiment, baseline social exploration was assessed. The time spent by the experimental rat in social exploration consisted of ano-genital sniffing, body sniffing and grooming of the juvenile. It was measured during a 4-min period by a trained observer sitting in a different room and using a computerized program. The day after, rats were first injected i.c.v. with DMSO or NBD peptide then, 1 h after, i.p. with saline or rrIL-1b, between 0900 and 1030 h, then tested with different juveniles on repetitions of the behavioral test to sustain a high level of social exploration. Behavior (duration of social exploration and immobility) was monitored at 0, 2, 4, 6, and 24 h after saline or rrIL-1b treatments (Kent et al, 1992) . Each rat received only one treatment combination. Saline-treated rats always remained active, which is why immobility data for these animals are not represented in Figure 1 .
NBD peptide and rrIL-1b effects on body weight and food intake. At the end of each behavioral session (at time 0, 2, 4, 6, and 24 h), the resident rat and the food tray were weighed on a top-loading balance accurate to 0.01 g. The weight of food was cumulated over a period of 24 h.
Tissue Preparation
For c-Fos expression analysis, rats were first injected i.c.v. with DMSO or NBD peptide and 1 h later i.p. with saline or rrIL-1b, between 0900 and 1030 h. At 1 h after treatment, animals were injected with a lethal dose of pentobarbital. Brains were fixed by intracardiac perfusion of 4% paraformaldehyde (PF) in 0.1 M NaH 2 PO 4 /Na 2 HPO 4 buffer, pH 7.5 (phosphate buffer, PB). Brains were removed and postfixed in the same fixative solution overnight at 41C and cryoprotected in 30% sucrose in 0.1 M PB. Coronal 30 mm cryostat sections were kept in anti-freeze solution (30% ethylene glycol, 30% glycerol, 25% Tris buffer (TB) sterile, and 15% sterile water) at -201C until processing for immunohistochemistry.
Immunodetection of c-Fos
After washing-off of the cryoprotectant, free-floating sections were incubated for 1 h in TBS 1 Â containing 1% BSA and 0.3% Triton X-100. Sections were then incubated overnight at room temperature with a rabbit polyclonal antiserum raised against c-Fos (Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1/10 000 in TBS 1 Â , 1% BSA, 0.3% Triton X-100. Tissue sections were rinsed in TBS 1X, treated 30 min with TBS 1 Â containing 1% of H 2 O 2 , rinsed three times and incubated for 2 h with biotinylated donkey antiserum recognizing rabbit IgG (Amersham Pharmacia Biotech Europe, Freiburg, Germany) diluted 1/2000 in TBS 1 Â , 1% BSA, 0.3% Triton X-100. After three rinses, avidinbiotin peroxidase diluted 1/1000 in TBS 1 Â (Vector laboratories, Burlingame, CA) was added for 2 h at room temperature. Then, the peroxidase reaction product was developed using diaminobenzidine and the nickel-enhanced glucose oxidase method (Shu et al, 1988) , thus giving a black precipitate concentrated in the nucleus of the cells.
Microscopy
Brain sections were examined under a light microscope (Nikon Eclipse E 400) and the images were captured by a high-resolution digital Nikon DXM 1200 camera (Nikon Corporation, Champigny-sur-Marne, France). Camera aperture, magnification, light power, and exposure time were fixed for all images. ACT-1 software (Nikon Corporation, Champigny-sur-Marne, France)-generated images were stored on a personal computer. Image editing software (Adobe Photoshop, Adobe Systems, San Jose, CA) was used to adjust size, brightness, and contrast for photographs.
Quantification of c-Fos immunoreactive cells was performed with the aid of the public domain NIH-imaging software (Scion, Frederick, MD) coupled to a high-resolution digital Nikon DXM 1200 camera (Nikon Corporation, Champigny-sur-Marne, France). Images were thresholded to produce a binary image and c-Fos-immunoreactive nuclei were counted using the ''Analyze particles'' function. This procedure was very straightforward given the existence of c-Fos-immunoreactive cells as distinct dense black nuclei on a very light background. For all brain areas analyzed, counts were taken from all the consecutive sections showing this structure, across both hemispheres and these counts were averaged to produce a mean.
Statistical Analysis
All data are expressed as means7SEM.
Duration of social exploration (s), body weight change (g), and food intake (g) were analyzed by a two-way ANOVA with treatment as a between-subject factor and time (2, 4, 6, 24 h) as a within-subject factors. Post hoc comparisons of individual group means were carried out by Fisher's test. Since immobility was never observed in salinetreated groups, the duration of immobility in saline group was not represented and a two-way ANOVA (treatment Â time) was used to compare the DMSO/rrIL-1b group to the NBD peptide/rrIL-1b group.
Data from immunohistochemistry experiments were analyzed by a two-way ANOVA (pretreatment and treatment). Post hoc comparisons of individual groups means were carried out using the Newman-Keuls test. Data were transformed when equality of variance or normality test failed. In all cases, a level of po0.05 was considered as statistically significant.
RESULTS
NBD Peptide Inhibited the Behavioral Effects of rrIL-1b
Social exploration. The duration of social exploration ranged from 100.5 to 114.2 s, and there was no difference in duration of social exploration between the different treatment groups prior to the initiation of the treatments (time 0) (F(2,17) ¼ 0.69, p ¼ 0.52).
A two-way ANOVA on the duration of social exploration with repeated measurements on the time factor revealed that duration of social exploration varied according to treatment and in a time-dependent manner (treatment: F(2,17) ¼ 12.63, po0.0001; time: F(4,68) ¼ 16.68, po0.0001; treatment Â time F(8,68) ¼ 2.60, po.05). Post hoc comparisons of individual means by Fisher's test revealed that NBD peptide blocked rrIL-1b-induced decrease in social exploration 2-6 h after injection and recovery was complete after 24 h. NBD peptide had no effect of its own on the duration of social exploration in saline-treated animals ( Figure 1 ).
Immobility
Saline-treated mice always remained active, which is why immobility data for these animals are not represented in Figure 1 . Duration of immobility with repeated measurements on the time factor varied according to treatments (F(1,14) ¼ 17.07, po0.001) but not to time factor and the interaction treatment Â time was not significant (time: F(2,28) ¼ 2,71, p ¼ 0.084; treatment Â time: F(2,28) ¼ 0.36, p ¼ 0.70).
Body Weight
Body weights did not differ according to treatments on time 0 (body weight (mean7SEM): 305.0711.9 g in NBD peptide/saline-injected rat vs 324.175.7 g in DMSO/rrIL-1-b-injected rats vs 301.477.3 g in NBD peptide/rrIL-1b-injected rats): (F(2,17) ¼ 2.3, p ¼ 0.13). Body weight changes with repeated measurements on the time factor differed according to treatment in a time-dependent manner (treatment: F(2,17) ¼ 10.3, po0.01; time: F(3,51) ¼ 3.7, po 0.05; treatment Â time: F(6,51) ¼ 3.8, po0.01). Post hoc comparisons of individual means by Fisher's test revealed that NBD peptide attenuated rrIL-1b-induced body weight loss 2-24 h after injection compared to the injected group by DMSO/rrIL-1b. NBD peptide had no effect of its own on body weight loss ( Figure 1 ).
Food Intake
Food intake with repeated measurements on the time factor differed according to treatment in a time-dependent manner NFjB is crucial in IL-1-induced sickness behavior A Nadjar et al (treatment: F(2,17) ¼ 10.9, po0.001; time: F(3,51) ¼ 66.5, po0.001; treatment Â time: F(6,51) ¼ 9.5, po0.001). Post hoc comparisons of individual means by Fisher's test revealed that NBD peptide attenuated rrIL-1b-induced decrease in food intake 2-24 h after injection. NBD peptide had no effect of its own on food intake in saline-treated animals ( Figure 1 ).
NBD Peptide Inhibited c-Fos Activation Induced by rrIL-1b
In order to test the effect of the NBD peptide on cellular activity, expression of c-Fos was measured in key immune responsive brain regions. Figure 2A shows the mean expression of c-Fos in the various brain structures of the rats in the different treatment groups. Figure 2B shows a representative photomicrograph of the expression of c-Fos in the supraoptic nucleus (SON) for each treatment. rrIL-1b induced a significant increase of cFos immunoreactivity in the nucleus of the tractus solitari (NTS), paraventricular nucleus (PVN), SON, and lateral part of the central nucleus of the amygdala (CEAl). The effects of the main factors (pretreatment: DMSO or NBD peptide and treatment: NaCl or rrIl-1b) and their interaction were significant in the PVN (F(1,15) ¼ 5.47; po0.05), the CEAl (F(1,16) ¼ 5.41; po0.05), and in the SON (F(1,14) ¼ 16.9; po0.001). In the NTS, the effects of the main factors were significant but not their interaction. When allowed Post hoc comparisons of individual means by the Newman-Keuls test revealed that (1) NBD peptide had no effect of its own on c-Fos expression in CEAl and PVH but significantly increased it in SON compared to DMSO treatment, (2) rrL1b significantly increased c-Fos expression, and (3) NBD peptide attenuated rrIL-1b-induced c-Fos expression in PVN, CEAl, and SON (Figure 2b ).
DISCUSSION
The main finding of the present study is that inhibition of NFkB activation at the blood-brain interface prevented the establishment of behavioral depression normally induced by peripheral administration of IL-1b and the neural activation of various brain structures already known to be responsive to peripheral IL-1b.
The effect of an i.c.v. injection of NBD peptide has been evaluated in a recent work in order to demonstrate that this permeant inhibitor targets NFkB activation at the bloodbrain interface (Nadjar et al, in press ). Even if mechanism of diffusion of an i.c.v. injected substance is not clearly elucidated, recent data by Mercier et al (2003) point out the evidence of a possible link between CSF compartment and perivascular cells via an extracellular matrix network (Mercier et al, 2003) . Therefore, NBD peptide injected i.c.v. could travel through this extracellular matrix and consequently reach perivascular cells as demonstrated by injection and visualization of a biotinylated NBD peptide.
This study is the first to evaluate the involvement of the intracellular signaling NFkB pathway in IL-1b-induced sickness behavior. Even though the pivotal role of IL-1b in cytokine-induced sickness behavior is well established (Kent et al, 1992 ; Bluthe et al, 1992b; Propes and Johnson, 1997), the postreceptor mechanisms involved in this phenomenon are still unknown. Various mediators dependent on NFkB activation have already been shown to mediate the behavioral effects of IL-1, including prostaglandins (Bluthe et al, 1992a) and nitric oxide (Bluthe et al, 1992c) . The rapid induction of NFkB translocation that is observed at the blood-brain interface after IL-1b fixation on its receptor (Nadjar et al, 2003) appears to be a crucial step in the induction of the behavioral effects of this cytokine. The blood-brain interface functions as a relay in the transmission of the peripheral immune message to the brain since it is there that proinflammatory cytokines and other inflammatory mediators are produced (Konsman et al, 2004 (Konsman et al, , 2000b Nadjar et al, in press ). The observation that administration of the NBD peptide, that block NFkB activation at the level of the blood-brain interface, attenuates the behavioral effects of peripherally administered IL-1b is consistent with this interpretation.
The results concerning the effects of the NBD peptide on c-Fos activation in the various brain structures under investigation are more difficult to interpret. Brain distribution of the expression of c-fos mRNA or c-Fos protein in response to peripheral IL-1b injection has already been described in several previous studies. A common finding is induction of c-fos mRNA or c-Fos protein in cells of the PVH, the NTS, and several other neural structures such as the CEAl or the SON, 1 h after i.p. or i.v. injection of IL-1b (Brady et al, 1994; Day and Akil, 1996; Ericsson et al, 1994; Herkenham et al, 1998) . The preoptic area has also been reported to be activated (Brady et al, 1994) , although this was not the case, at 1 h, in the present study. In terms of mechanisms, c-Fos activation of these various brain structures is assumed to be mediated neurally since it maps the primary and secondary projection areas of the vagus nerves (Konsman and Cartmell, 1997; Konsman et al, 2000a) and is abrogated by section of the vagus nerves under the diaphragm (Konsman et al, 2000a; Konsman and Dantzer, 2001) .
The importance of the dorsal vagal complex (DVC) in social withdrawal that accompanies lipopolysaccharide (LPS) treatment was verified recently by Marvel et al (2004) . The infusion of bupivacaine in the DVC decreased c-Fos expression in the NTS, SON, PVH, and CEA1 in response to i.p. LPS and attenuated the LPS-induced sickness behavior. Part of Marvel's observation is fully compatible with the results of previous studies carried out on vagotomized animals. Indeed, the section of the vagus nerves under the diaphragm abrogates the induction of sickness behavior in response to peripheral administration of LPS (Bluthe et al, 1994) or IL-1b (Bluthe et al, 1996a, b) while preserving response to i.c.v. administration of IL-1b (Bluthe et al, 1996a) . This is related to the fact that the DVC includes afferent of the vagus nerve that carries neural information (Swanson, 1998) . However, the location in the DVC of a circumventricular organ, the area postrema, that receives humoral information also implies that the nerve connection between the CVO and the NTS (Shapiro and Miselis, 1985) plays an important role in the induction of sickness behavior because when it is abrogated by the bipuvacaine treatment the humoral part of the peripheral signal remains inactive. NFjB is crucial in IL-1-induced sickness behavior A Nadjar et al
According to their study, it could appear paradoxical that an intervention at the level of the blood-brain interface is able to attenuate a phenomenon, sickness behavior, that is supposed to be mediated by a mechanism bypassing the humoral pathway. The more rational explanation of this paradox would be the convergence of humoral and neural generated signals in brain structures, as the DVC, that are ultimately responsible for the behavioral effects of IL-1b. According to this interpretation, the induction of c-Fos expression in the brain structures that are responsive to peripheral immune stimulation would require the combined effect of an afferent neural pathway and the local action of NFkB-dependent mediators at the blood-brain interface. This does not need to take place in all the brain structures in which the neural pathway is projecting. The convergence could actually be limited to the primary projection area: the NTS. In our study, NTS is the only observed nuclei where NBD peptide treatment does not give clear cut results on c-Fos expression, although it significatively inhibits Il-1b-induced Cox-2 synthesis (Nadjar et al, in press ). Therefore, we hypothesize that impairment of one of the pathways (humoral or neural) will block the integrated signal in afferent structures of the DVC nuclei, as PVH, CEAl or SON and attenuate sickness behavior. The molecular basis of such integration needs further investigation in order to evaluate the real contribution of each pathway of communication.
In conclusion, NFkB activation at the level of the bloodbrain interface represents a crucial molecular event in neural activation and development of sickness behavior in response to a peripheral immune stimulus. Based on these findings, it can be speculated that NFkB activation at the blood-brain interface represents a new target for the development of drugs that are able to alleviate the nonspecific symptoms of inflammation.
